The results of research into the application of selected thermal indices of men's work and climate indices in a two stage assessment of climatic work conditions in underground mines have been presented in this article. The difference between these two kinds of indices was pointed out during the project entitled "The recruiting requirements for miners working in hot underground mine environments". The project was coordinated by The Institute of Mining Technologies at Silesian University of Technology. It was a part of a Polish strategic project: "Improvement of safety in mines" being financed by the National Centre of Research and Development.
Introduction
The results of the research into the two stage estimation of climate conditions in the work place in underground mines are presented in this article. The main emphasis was put on differences between two types of indices -the climate index and the thermal index. The research has been conducted in the framework of the project "The recruiting requirements for miners working in hot underground mine environments" which was coordinated by The Institute of Mining Technologies at Silesian University of Technology. It was part of a Polish strategic project: "Improvement of safety in mines" being financed by The National Centre of Research and Development.
The other members of the consortium were: the other participants who were selected from among the following major Polish mining and medical research units: AGH -University of Science and Technology -Faculty of Mining and Geo-engineering, EMAG -Institute of Innovative Technologies, Institute of Occupational Medicine and Environmental Health and CEN-MED -Professional Medical Research Center. The consortium also included the Polish Mining Companies -JSW S.A., KW S.A and KHW S.A.
The research covered 24 Polish coal mines owned by the supporting mining companies and they are located within The Upper Silesia Coal Basin (USCB). 98 longwalls and 224 headings have been analyzed. In the framwork of current Polish regulations (during the duration of the project) (Polish Regulations) worktime should be reduced to 6h when dry bulb temperature is higher than t d = 28°C or wet Kata cooling power is lower than 11 K w . Such a situation has been noticed in 35 longwalls (36% of all the longwalls). The lowest value of dry bulb temperature in longwall was 18,8°C,and the highest was 32,6°C (Drenda, 2013b; Drenda et al., 2013) .
Considering the headings it was noted that t d exceeded 28°C in 50 cases (22% of all the headings). The lowest value of dry bulb temperature was 18,0°C and the highest was 32,6°C (Drenda, 2013b; Drenda et al., 2013; .
Sufficient data are presented in Table 1 . About 60 different microclimate indices are in use in the world (Brake & Bates, 2002a; Epstein & Moran, 2006) . A lot of them are based on simple measurements of air parameters, e.g. dry bulb temperature, cooling intensity. (Szlązak et al., 2008; Knechtel, 2011) . On the other hand, part of them can be considered as connected to human work parameters, e.g Thermal Work Limit index (Brake & Bates, 2002b) , WBGT, cooling power index (Lambrecht, 1972) or thermal discomfort index (Drenda 1993 (Drenda , 2012 . The following indices are the best known among Polish mining engineers: substitute Silesian temperature, American effective temperature according to Yaglou (t ef , ATE) (Mc Phearson, 1993) , French temperature (t r ), Belgian effective temperature (BTE) and WBGT (Hartman et al., 1997) . There are proper nomograms or equations for their estimation. WBGT has not been introduced as compulsory in underground mines according to complex measuring methodology (Epstein, 2006) .
The legal aspects of thermal hazard estimation in underground mines in selected countries are presented below: a) Germany Microclimate assessment is based on the effective temperature index (t ef ) which in Poland is known as ATE (Słota, 2013; German Regulations) . b) Former USSR countries and Bulgaria
In those countries the assessment is based on dry bulb temperature and humidity measurements. When relative humidity is higher than 90%, dry bulb temperature should be lower than 26°C. c) Belgium, Nedtherlands, France
The assessment is based on BTE index. d) Australia, UAE Thermal Work Limit (TWL) is in use (Brake & Bates 2002b After analyzing the results obtained during the project, it was stated that the assessment of thermal hazard in an underground working situation can be divided into two stages:
-preliminary (basic) -based on indices from among group 2, -detailed -based on human thermal indices (group 3).
The two stage assessment based on the indices calculated in Silesian University of Technology has been presented in the following chapters. TS has been proposed as a basic index and δ index as a detailed one.
According heat exchange occurring between rockmass and the air (Wacławik, 2005) , suitable examples have been selected for further analysis. A two stage estimation of thermal hazard has been applied and interpreted for selected working stands in underground conditions. The results allowed the limit value of TS to be set, below which it is not necessary to perform the second stage of the assessment.
Silesian substitute temperature (TS) -climatic index for basic microclimate assessment
Silesian substitute temperature TS can be an index for principal assessments for thermal hazard evaluation in underground mines. It includes dry and wet bulb temperatures t d , t w , air velocity v and its relative humidity φ (equation 1) (Drenda, 2013a) :
where: t w -wet bulb temperature, °C; t d -dry bulb temperature, °C; φ -relative humidity, -; v -air velocity, m/s.
The construction of the equation (1) gives a similar course of ATE nad TS isolines in the range 28-32°C. TS should be evaluated as follows:
TS < 26°C -full time work, 26 ≤ TS < 30°C -reduction of time work or improvement of thermal conditions, TS ≥ 30°C -work forbidden except rescue operations.
For example, in German coal mines ATE = 30°C is also the limit value for work.
Thermal discomfort index (δ) -thermal index for detailed microclimate assessment
Thermal discomfort index (δ) is a tool for thermal hazard assessment in every environment. That is the reason why it could be applied in coal mines as well as in other mines (e.g. copper mines). Easy interpretation of the result obtained is the great advantage of this index. The result is dimensionless, therefore the values can be from among the set (-∞ < δ < +∞). In practice only values of zero and one are crucial. If δ = 0 there is thermal comfort. If δ ≠ 0, the values give the information about discomfort. The result δ ≥ 1 indicates that conditions are dangerous for humans (heat rash or heat stroke are possible).
Detailed assessment should be based on (Drenda, 1993) : 0 ≤ δ < 0,2 -favourable climate conditions, 0,2 ≤ δ < 0,5 -satisfactory climate conditions, 0,5 ≤ δ < 0,8 -hard climate conditions -measures for the improvement of conditions should be applied, 0,8 ≤ δ < 1,0 -very hard climate conditions.
The index depends on factors connected with climate and humans. Climate parameters are: -temperature, -humidity, -air velocity.
Additional parameters: average radiant temperature (temperature of sidewalls in the case of a mine).
Human parameters are: -metabolism ratio, -thermal insulation of clothes, -acclimatization.
These parameters can be presented as an empirical function:
where: Sufficient nomograms are presented for assessment of this index (Figs 1-5 ).
Following nomograms are created for particular values of relative humidity φ = 20%, 40%, 60%, 80% and 100%. The left part is designed for a non -clothed human, and the right for clothed. The example of the application is shown in Fig. 4 . For different input data it is necessary to make proper interpolations. 
The assessment of thermal conditions
Examples of the application of the above mentioned two stage assessment of thermal hazard are presented in this chapter.
Methodology
Many series of measurements of air parameters have been undertaken in the framework of the project. Generally, data from 98 longwalls and 224 headings were collected (total number 322). For the further two stage assessment of microclimate (basic -TS, and detailed δ) the following parameters have been measured: -dry bulb temperature t d and wet bulb temperature t w -by Assmann's psychrometer, -air velocity v -by vane anemometer, -pressure p -by portable barometer.
Then relative humidity has been calculated with psychrometric charts. Measurements have been carried out on following points (Fig. 6) : -intake to a longwall, -outlet from a longwall, -the beginning of heading, -blind end. 
The results
The analysis has been based on many climate and thermal indices but special emphasis has been put on the proper layout of a two stage assessment with the application of TS -δ indices. Ten different examples have been selected from 644 measuring points. The examples are given with worse climate conditions, considering the parameters (t d , t w , v, K w and φ) The examples are given in Table 2 . (A -inlet to a longwall, B -outlet from a longwall, C -inlet to a heading, D -dead end)
The analysis
Based on the examples 1-10 (Tab. 2) a two stage assessment of hazard has been performed. In the framework of the detailed research the thermal discomfort index has been taken into considerations (Tab. 3) with the option of the acclimatized human and three variants of clothes and five variants of working activity.
According to the results and observations (heart rate tests for the workers) moderate work is the most common among the miners . Hard work was being done intermittently. That is the reason why further discussion is based on this kind of work and relative metabolic heat production. Additional assumption -δ cannot exceed 1,0. Example 1
In the example 1 values of δ are lower than zero (cold environment) and TS = 17,3°C (far from limit TS = 26°C). Only for hard work do these values reach 0,15 and 0,67 respectively, for thermal resistance of clothing 0,5clo and 1,0clo. The conclusion is that only during hard work (which can be done periodically) can a worker regulate his thermal comfort by temporarily removing part of his clothing. In addition, having a full set of clothing (clo = 1,0) a worker can perform light work in thermal comfort (δ = 0,01). In this case TS is not exceeded and according to the present law (t d and K w ) work is allowed up to 8h (Tab. 2).
Examples 2 and 3
The examples 2 and 3 indicate that when TS is between 20,9 and 23,6°C even hard work in full clothing (I cl = 1,0 clo) does not cause thermal discomfort which could be life threatening (δ values lower than 1,0). Although less than moderate work produced δ = 0,57 and 0,70, which indicates the necessity of additional technical improvement of conditions or working time reduction, nevertheless, it could be improved by decreasing thermal clothing resistance and the values of δ would be 0,09 and 0,18 respectively.
Considering these statements and Figures 7-9 it was pointed out that there is no case when δ = 1,0 is exceeded if TS is lower than 24,0°C. That is the basis for the conclusion that TS = 24°C is the limit value, and for the lower values it is not necessary to introduce detailed assessment. According to t d and K w full time work is allowed, too.
Examples 4 and 5
Comparing the results from the examples 4 and 5 it is very important that the value TS = 24,2°C is the same for both cases and beside this there is a significant difference in t d . In the example 4 t d = 25,6°C, while in the example 5 t d = 28,2°C. There is also a relative humidity difference -approx. 26%. It was found that in spite of having equal TS values, there are different δ values. For hard work the values of δ were 0,99 (example 4) and 1,02 (example 5). Considering possible measuring inaccuracy it was proved that TS = 24°C should be stated as the limit for basic assessment. In examples 4 and 5 TS = 26°C is not exceeded, either. According to present regulations for example 4 full time work is allowed but for example 5 technical solutions or time reduction should be applied.
Example 6
In the example 6 (TS = 25,7°C) it was stated that for moderate work in full clothes value δ would be 0,95. Therefore it would be necessary to make a detailed selection and analysis of the intensity of work and kind of clothes at this stand. It would be possible to regulate thermal hazard by application of δ.
In spite of the TS value being lower than 26°C, according to present regulations technical solutions or time reduction should be applied.
Example 7
Example 7 has been selected because it exceeds TS = 26°C. It is 26,3°C. For moderate work a miner is in dangerous thermal conditions. Considering dry bulb temperature equal 29,6°C it is necessary to apply conditions improvement. It also conforms to present regulations.
Examples 8 and 9
That is the case when t d is higher in example 8 than in example 9, however TS is lower. Dry bulb temperature exceeds 28,0°C, and TS equal 28,4°C and 29,2°C respectively.
The difference is caused by significant velocity influence in example 8. In both cases δ is higher than the limit value for every kind of work in full clothing. Therefore, at first it is necessary to apply lighter clothing /and/or reduce worktime or/and turn on the cooling system.
According to present regulations worktime should be reduced or a technical solution should be introduced.
Example 10
In this example TS = 30°C is exceeded and equals 30,4°C. Hard work in full clothing is dangerous. δ equals 1,0 or is higher than 1,0 during light work when fully clothed. Probably only cooling would be a proper solution. It is consensual with current regulations.
Relation between TS and δ is shown in Figures 7-9 . It is computed on the basis of the entire collection of results and analysis in framework of the project. The diagrams (Fig. 7-9 ) confirm the value TS = 24°C as a limit for basic thermal assessments. The top line in Figure 9 refers to the most difficult illustration of given variants of the type of work and clothing. Values of δ will be lower when the intensity of work and/or clothing is lighter. After analyzing Figure 9 , it is clear that for TS < 24°C δ cannot be higher than 1,0. Thermal discomfort in such a case is acceptable. Although when TS is higher than 24°C, thermal discomfort could be dangerous, e.g for hard work in full clothing. Another conclusion which can be drawn from Figure 9 is that for moderate work (the most common for miners) δ is higher than 1,0 for a TS higher than 26°C. This is the reason for this value being the limit for TS, when thermal condition improvement should be applied.
The examples give the general view that a two stage assessment of thermal hazard (including intensity of work and clothing) will allow a reduction in thermal discomfort by individual regulations (periodical rest, decrease of metabolism ratio, decrease of clothing thermal resistance) without radical solutions (e.g. turning on the cooler) (Table 3 ).
Conclusions
1) In underground mines, a two stage assessment of microclimate conditions (thermal hazard) is possible with the application of climate and thermal indices. Silesian substitute temperature index (TS) could be applied at the principal (basic) stage and thermal discomfort index (δ) at the detailed phase. TS is based on air parameter measurements, δ also includes human factors, e.g. thermal resistance of clothing, type of work. 2) It was proved that when the TS is lower than 24°C it is impossible to exceed δ = 1,0.
Therefore TS = 24°C should be set as the threshold limit value for the principal assessments.
3) The introduction of a two stage assessment of thermal hazard would allow the employer to conduct a more detailed analysis of microclimate conditions at working stands and more efficient management of heat reduction in his plant (a mine). Instead of activating expensive air cooling systems, sometimes it would be enough simply to apply periodical rest periods for the miners, decrease their average metabolism ratio or decrease their clothing thermal resistance.
